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Introduction
The chemistry of stable, low valent main group elements has been one of the principal themes underlying the renaissance of main group chemistry, 1, 2 and -as part of this special collection in honour of the 100 th anniversary of the Canadian Society for Chemistry -it is worth noting that many research groups in Canada have been at the forefront of such research. [3] [4] [5] [6] [7] [8] Molecules containing elements in low valent and low oxidation states exhibit diverse, interesting, and sometimes unique patterns of reactivity and some of these compounds have proven useful in areas including: materials precursor chemistry, as ligands in coordination chemistry, organic synthesis, and catalysis. 5, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Our research group amongst others has been investigating the isolation of stable compounds featuring low valent and low oxidation state group 13, 14 and 15 environments over the past decade. [19] [20] [21] Typically, molecules containing low valent atoms are synthesized using protocols that include the use of harsh reagents such as strong reducing agents and bases. However, in several reports, we have described the facile generation of new molecules containing low-valent phosphorus(I) fragments via the versatile "P + " transfer agent [P I dppe][Br] (Scheme 1) through substitution of the diphenylphosphinoethane (dppe) molecule by a different set of ligands. [22] [23] [24] This approach has proven to be "P" atom efficient in many cases -the transfer of P I atoms from the starting material is often quantitative -and no unnecessary or unexpected by-products are generated. 25 Scheme 1. Synthesis of molecules containing a low valent phosphorus centre recently reported by our group using the P + transfer agent, [P I dppe][Br].
One of the most obvious potential reactivity patterns of low valent elements exploits their ability to undergo oxidation. In this context, we had previously demonstrated the oxidation chemistry of some of these P I molecules by employing oxidants such as sulfur, methylating agents and acids (Scheme 2). These reactions selectively oxidize phosphorus(I) ions to yield phosphorus(III)-or phosphorus(V)-containing species. 26, 27 Cognizant of the reactivity of P I fragments towards oxidation and the ligand exchange chemistry of the [P I dppe][Br] molecule, we reasoned that this compound should be capable of undergoing other oxidative addition reactions with or without loss of the chelating phosphine. Indeed we have previously noted that the concepts of cycloaddition and electron transfer can be used to rationalize the formation of N-heterocyclic phosphines and phosphenium species 28, 29 in a formal sense, although the actual mechanism through which these compounds are actually formed does not likely involve any low-valent phosphorus intermediates. 30 Recent work by Rawson and co-workers has included the investigation of the oxidative addition chemistry of 1,2,5,6-tetrathiocins to zero-valent group 10 metal complexes to afford a range of monometallic metal dithiolate complexes 21 (Scheme 3) as well as dimetallic and hexametallic clusters. 22 The tetrathiocin precursors are readily formed in multi-gram quantities 31 and the oxidative addition chemistry often occurs quantitatively by NMR with recovered crystalline yields up to 89% (Scheme 3).
Scheme 3. Oxidative addition chemistry of tetrathiocins to zero valent group 10 metal complexes
In a collaborative effort, our groups have commenced an examination of such tetrathiocins as reagents with which to explore the oxidative addition chemistry to a range of low oxidation state complexes of main group elements. In the current work we describe our first foray into this area where we examine the oxidative addition of tetrathiocins to the phosphorus(I) transfer agent, [P I dppe][Br], to generate the benzo-dithiophosphinyl framework (Scheme 4, 1) containing formal phosphorus(II) centres in addition to compounds 2 and 3 which feature formal phosphorus(III) environments. It should be noted that work on such benzo-fused C2S2P heterocycles was initially reported by Baudler 32 and subsequent studies by Burford focused on the structure and Lewis acidity of divalent benzodithiaphosphenium cations derived . [33] [34] [35] [36] Related classes of thiophosphines have been shown to have many industrial applications such as antioxidants for lubricants and oils, 37 and are traditionally synthesized from highly reactive and poisonous white phosphorus. 38 We reasoned that the use of our easily handled, air-and moisture stable phosphorus(I) sources coupled with the readily prepared tetrathiocins might provide a more convenient and safer route to such compounds.
Scheme 4. Oxidative addition chemistry of tetrathiocins to [P I dppe]
[Br] to generate 1, 2 and 3.
Results & Discussion
The 1,2,5,6-tetrathiocin ring is a convenient source of 1,2-disulfides and can be prepared in multi-gram quantities from the treatment of electron-rich aromatics with S2Cl2 in acetic acid.
These molecules have proven successful in regard to oxidative addition reactions with various late transition metals. [39] [40] [41] [42] In this context, we suspected that these soft donors would be excellent candidates for oxidative addition reactions to the phosphorus(I) fragment in [P I dppe][Br].
The addition of bis(dimethoxybenzo)tetrathiocin (Scheme 4, I) with [P I dppe][Br] was investigated initially using a stoichiometric ratio of 1:2, anticipating the formation of the P-bromobenzo-1,3,2-dithiaphosphole. In spite of the low solubility of the tetrathiocins in most common laboratory solvents, the reactions proceeded smoothly within 1 -2 hours in dichloromethane to produce a pale yellow solution. The progress of the reaction was followed using 31 P NMR spectroscopy. In each case, the signals corresponding to the starting material, [P I dppe][Br], (δ 64 ppm (doublet), and -220 ppm (triplet)) decreased as the reaction proceeded and singlets corresponding to dppe (-12 ppm) and trace amounts of dppeS (+32 ppm) appeared alongside two other products at ca. 50 ppm and 120 ppm. The singlet at ca. 50 ppm is comparable to those of other tetrathiodiphosphines reported by both Woollins 43 and Rawson 44 which feature 31 P NMR resonances in the 40 -70 ppm region and were tentatively assigned to the coupled product 1. The major product 2 at 120 ppm was more difficult to attribute. Post facto analysis, however, showed that the 120 ppm peak observed for 2 was in good agreement with that predicted based on 31 P NMR chemicals shift correlations for C2S2P-X systems (ca. 161 ppm). Confirmation of the structure of 1 and unambiguous identification of 2 were made on the basis of single crystal X-ray diffraction studies of crystals grown from the slow evaporation of the dichloromethane reaction mixture.
Compound 1 crystalizes in the monoclinic space group P21/c with half a molecule in the asymmetric unit ( Fig. 1 ). The P-P distance, 2.2350(16) Å is indicative of a single bond, and is well within the typical range (2.22 -2.27 Å) observed for P-P bonds in other diphosphines. 45 It is indistinguishable from the only other reported dithiaphosphinyl dimer (2.2306 (13) ) and the only other example of a diphosphine bearing organosulfur substituents. 43 The P-S bond lengths [2.1017(11) Å and 2.1110(11) Å] fall in the range of reported bond lengths for P-S single bonds within the Cambridge Structural Database (CSD) 46 (1.90 -2.66 Å). The S-P-S angle of 95.90(4)° is also unexceptional. The C-C bond lengths within the carbocycles of the molecule range from 1.378(4)-1.411(4) Å and are consistent with the presence of an aromatic system, rather than a more diene-like system (which would suggest non-innocent behavior of the ligand). The heterocyclic ring in 1 is non-planar with a slight envelope effect observed such that the C6S2 and S2P mean planes form a fold angle of 31.1 o , similar to that observed in the parent derivative, (C6H4S2P)2 (33.03 o ). 44 (16) , P-S1: 2.1017(11), P-S2: 2.1110(11), S1-P-S2: 95.90(4).
We repeated the reaction with the appropriate stoichiometry (tetrathiocin:[P I dppe]Br = 1.5:2) to prevent excess [P I dppe][Br] remaining in the reaction, and monitored the reaction by 31 P NMR spectroscopy. In this case, the reaction proceeds to completion relatively quickly (within 1 -2 hours depending on the amounts of the reagents used) and affords 2 as the major product. The 31 P NMR spectrum of the reaction mixture contains a singlet at 120 ppm corresponding to 2, as well as a mixture of by-products, mainly [dppeBr][Br], 47 dppeS2(C6H2(OMe)2), and dppe. The product was isolated by adding an equal volume of diethyl ether to the CH2Cl2 reaction mixture and cooling the mixture to -20° C overnight to precipitate by-products. The remaining CH2Cl2/Et2O solution was decanted and left to crystalize by slow evaporation. This method was the only convenient protocol for the purification and isolation of 2 in analytically pure form and all characterization and further chemistry involving compound 2 was conducted with crystalline material obtained in that manner. We were able to confirm the formation of dppeS2(C6H2(OMe)2)i.e the product of the addition of half an equivalent of tetrathiocin to one molecule of dppe-by adding the bis(dimethoxybenzo)tetrathiocin ligand to dppe as an NMR scale reaction. This reaction proceeds overnight to form dppeS2(C6H2(OMe)2) as the sole product observed apart from some remaining dppe (δ 56 ppm, SI Fig 16) .
Compound 2 crystallizes in the space group P21/c with one molecule and two dichloromethane solvent molecules in the asymmetric unit. The structure of 2 comprises two C2S2P heterocycles linked via a 1,2-dithiolate bridge (Fig. 2) . The compound adopts a step-like structure featuring π-π stacking of the electron-rich dimethoxybenzo groups such that the centroid···centroid distances are 3.4490(18) Å. The P-S bond distances within the heterocycle range from 2.1095(10)-2.1152(10) Å and are essentially identical, within experimental error, to the lengths described above for 1. In contrast, the P-S bond lengths within the "bridging" thiocin moiety are significantly longer -ranging from 2.1425(10) Å to 2.1527(10) Å -which might be a consequence of hyperconjugation within the terminal phosphine fragments of the kind that has been described for analogous phosphorus heterocycles. 48 The S-P-S angles are similar to those in diphosphine 1 and range from 94.58(4)-94.43(4)°. There is a single crystallographically characterized example analogous to 2, reported by . This observation suggests that the tetrathiocin initially undergoes oxidative addition to the P I centre followed by a dimerization with the formal elimination of Br2 to generate the diphosphine 1. Although C6H4S2PBr has been identified as a stable product from oxidation of (C6H4S2P)2, the presence of electron donating alkoxy groups may promote such disproportionation reactions. The diphosphine 1 can then react with additional tetrathiocin to form 2 (Scheme 5). Our inability to isolate intermediate 1 as the major product suggests that the kinetics of the subsequent addition process are at least comparable with the initial rate of formation of 1. In an effort to substantiate this mechanistic hypothesis, we treated half an equivalent of the bis(dimethoxybenzo)tetrathiocin with a sample of (MeC6H3S2P)2 (prepared using an alternative procedure) in dichloromethane. Previous studies indicate this diphosphine undergoes facile oxidation with even milder oxidants such as I2. 44 The reaction mixture was left to stir for several hours until completion as identified by the disappearance of the solid reagent in the reaction flask.
Analysis of the reaction mixture using 31 With our more convenient preparation of these types of phosphines, experiments are ongoing to assess the donor ability of these molecules for the coordination of metals, as these trithiobisphosphine molecules can potentially be used as multidentate donors, featuring both hard and soft donor sites. In this context it is worth noting the bimetallic gold(I) complex in which the related ligand{(CH2)2S2P}SCH2CH2S{PS2(CH2)2} coordinates to two AuC6F5 groups through the two phosphine centres. 54
Conclusion
We have synthesized and characterized a new series of bis-trithiophosphines through the oxidative addition of tetrathiocins with the P + transfer agent, [P I dppe] [Br] . The isolation of the intermediate-diphosphine (1)-during this reaction, coupled with the stoichiometric reaction of an isolated diphosphine with tetrathiocin to form the bis-trithiophosphine provides insight into the mechanistic pathway for formation of these bis-trithiophosphines which therefore appears to progress through a formal sequence of oxidation steps from P I to P II to P III . The use of 31 
Experimental

General Procedures
All manipulations were carried out using standard inert atmosphere techniques. All chemicals and reagents were purchased from Sigma-Aldrich and used without further purification. Deuterated solvents were dried according to literature procedures when necessary, and all other solvents were dried over a series of Grubbs'-type columns and degassed prior to use. The ligands, 1, 2-methoxytetrathiocin and benzo-15-crown-5-tetrathiocin were synthesized according to literature procedures. 55 NMR spectra were recorded at room temperature on a Bruker Avance III 500 MHz or Bruker Avance Ultrashield 300 MHz spectrometer. Chemical shifts are reported in ppm relative to internal standards for 1 H and 13 C (for the given deuterated solvent) and external standard for 31 P (85% H3PO4 = 0 ppm). Elemental Analysis was performed at the University of Windsor using a Perkin Elmer 2400 combustion CHN analyser.
Crystallographic Details
Crystals for investigation were covered in Nujol ® , mounted into a goniometer head, and then rapidly cooled under a stream of cold N2 of the low-temperature apparatus (Oxford Cryostream) attached to the diffractometer. The data were then collected using the APEXIII software suite 56 on a Bruker Photon 100 CMOS diffractometer using a graphite monochromator with MoKα radiation (λ = 0.71073 Å). For each sample, data were collected at low temperature. APEXIII software was used for data reductions and SADABS 57 was used for absorption corrections (multi-scan; semiempirical from equivalents). XPREP was used to determine the space group and the structures were solved and refined using the SHELX 58 software suite as implemented in the WinGX 59 program suites. Validation of the structures was conducted using PLATON. 60 Details are provided in Table 1 .
Specific Procedures
Isolation of the reaction Intermediate: 1 1,2-dimethoxy-tetrathiocin (0.150 g, 0.374 mol, 1 eq) and [P I dppe][Br] (0.381g, 0.749 mol, 2 eq) were added together in a Schlenk flask to which 15 mL of dichloromethane was added.
Upon addition, a cloudy yellow solution appeared as the tetrathiocin is insoluble in DCM.
The reaction was left to stir for several hours until a clear yellow solution was obtained. 
Synthesis of Tris(phenylthio)phosphine
To a dichloromethane solution of [P I dppe][Br] (0.100 g, 0.196 mmol) was added diphenyl disulfide (0.085 g, 0.392 mmol). The mixture was left to stir for approximately 1 hr during which time it became pale yellow. 31 
